Abstract. Functional defects in heat shock proteins (HSPs), e.g. Hsp70, have been reported to have a key role in Parkinson's disease (PD). Overexpressed Hsp70 re-folds aggregated α-synuclein to generate the non-toxic and non-aggregated form. Thus, Hsp70 is a well-defined therapeutic target, and Hsp70 promotion is an efficient strategy to prevent or even reverse the α-synuclein-induced toxicity in PD. The present study investigated the promotion of Hsp70 expression in SH-SY5Y neuroblastoma cells by glutamine (Gln), which has recently been recognized to induce Hsp70 expression. Furthermore, the role of heat shock factor (HSF)-1 in the Gln-mediated upregulation of Hsp70 expression was investigated. In addition, the regulatory role of Gln in α-synuclein degradation in α-synuclein-overexpressing SH-SY5Y cells was determined. The results of the present study demonstrated that Gln treatment significantly upregulated Hsp70 expression at the mRNA as well as the protein level in a dose-dependent and time-dependent manner. Gln-induced Hsp70 upregulation was found to be HSF-1-dependent, as HSF-1 knockdown abrogated the Hsp70 upregulation by Gln in α-synuclein-overexpressing SH-SY5Y cells. In conclusion, present study confirmed that Gln upregulates Hsp70 expression in SH-SY5Y neuroblastoma cells in an HSF-1-dependent manner. The upregulation of Hsp70 by Gln increases the α-synuclein degradation. Therefore, Gln may be a potential therapeutic agent to prevent α-synuclein aggregation in PD.
Introduction
Parkinson's disease (PD) is one of the most common neurodegenerative disorders (1) , with prominent characteristics including the degradation of dopaminergic cells within the substantia nigra pars compacta (2) , aberrant intracellular protein aggregation in the dorsal motor nucleus of the vagus, a region within the medulla oblongata (3, 4) . These aggregates are known as Lewy bodies, with α-synuclein (α-Syn) as the major component (5) . Striking evidence has confirmed that α-Syn has a key role in the formation and progression of PD; however, the mechanism underlying the cytotoxicity of α-Syn in PD remains to be determined (6, 7) . α-Syn is a 14-KDa neuronal protein, belonging to a family of structurally associated proteins in the brain (8, 9) . Under physiological conditions, α-Syn is highly expressed at pre-synaptic terminals and promotes the assembly of the SNARE machinery (10) , with an importance for neurotransmitter release (11) and the protection of nerve terminals against injury (12) . α-Syn has been widely accepted to have a natively unfolded tertiary structure as its main physiological form in the brain (13) . It is the key pathological course for α-Syn aggregation to proceed from monomers to pathogenic protein inclusions (14) .
Aggregation of α-Syn monomers leads to the formation of soluble oligomeric species, which, according to in vitro experiments, further spontaneously aggregate in the absence of other proteins, such as molecular chaperones (15) . The accumulation and aggregation of α-Syn in PD may reflect changes to its synthesis and/or degradation (16) . Besides an increased α-Syn gene copy number (17) supporting the role of increased α-Syn synthesis in PD, there is increasing evidence that the impaired degradation pathways of α-Syn may also be compromised in PD (18, 19) . The importance of molecular chaperones has also been underlined by the fact that overexpression of these molecules, such as heat shock proteins (HSPs), leads to the re-folding of aberrant α-Syn aggregates to form non-toxic and non-aggregated α-Syn (20, 21) . Therefore, functional defects of HSPs may have a key role in PD (21, 22) . Hsp70 is the most recognized molecular chaperone, and has been linked with PD and α-Syn aggregation. Studies have confirmed the negative regulatory role of Hsp70 in α-Syn aggregation in PD and in Heat shock protein 70 induction by glutamine increases the α-synuclein degradation in SH-SY5Y neuroblastoma cells α-Syn-induced toxicity in cells (22, 23) . Therefore, Hsp70 is a well-defined therapeutic target, and the upregulation of Hsp70 is an efficient strategy to block or even reverse α-Syn-induced toxicity in PD.
The present study investigated the upregulation of Hsp70 expression in SH-SY5Y neuroblastoma cells by glutamine (Gln) and assessed the role of heat shock factor (HSF)-1 in this process. Furthermore, the regulatory role of Gln in the α-Syn degradation in α-Syn-overexpressing SH-SY5Y cells was investigated. The results of the present study indicated that glutamine may be a potential therapeutic agent to prevent α-Syn aggregation in PD. , SH-SY5Y cells were cultured for three passages in the presence of 800 µg/ml G418 (Life Technologies, Grand Island, NY, USA) to select the positive α-Syn-overexpressing clones, SH-SY5Y (Syn+), which were maintained in the presence of 500 µg/ml G418. The HSF-1-specific small interfering (si)RNA (with corresponding siRNA sequences as follows: Forward, 5'-GAA CGA CAG UGG CUC AGC AUU-3' and reverse, 5'-P-UGC-UGA GCC ACU GUC GUU CUU-3') or control siRNA (with scrambled siRNA sequences as follows: Forward, 5'-GUA ACU GCA ACG AUU UCG AUG DTDT-3' and reverse, 5'-CAU CGA AAU CGU UGC AGU UAC DTDT-3'; Sangon, Shanghai, China) was transfected into the SH-SY5Y (Syn+) cells with Lipofectamine 2000 at 25 or 50 nM to knock down HSF-1 expression.
Materials and methods

Reagents
RNA isolation and reverse transcription quantitative polymerase chain reaction (RT-qPCR).
Total cellular RNA was isolated using TRIzol (Invitrogen Life Technologies) according to the manufacturer's instructions, and was supplemented with RNase inhibitor (New England Biolabs). The expression of Hsp70, HSF-1 and α-Syn mRNA was quantified using the real-time RT-qPCR method. cDNA was synthesized using the Quanti Tect Reverse Transcription kit (Qiagen, Valencia, CA, USA). qPCR was performed using a SYBR PrimeScript RT-qPCR kit (TaKaRa Bio, Inc., Tokyo, Japan) with the following primers: Forward, 5'-AGG ACT TTC AAA GGC CAA GG-3' and reverse, 5'-TCC TCC AAC ATT TGT CAC TTGC-3' for α-Syn; forward, 5'-TGT GTC TGC TTG GTA GGA ATG GTG GTA-3' and reverse, 5'-TTA CCC GTC CCC GAT TTG AAG AAC-3' for HSP70; forward, 5'-CGA CAG TGG CTC AGC ACA TTC C-3' and reverse, 5'-CAG CTC GGT GAT GTC GGA GAT G-3' for HSF-1; and forward, 5'-TGT CCA CCT TCC AGC AGA TGT-3' and reverse, 5'-AGC TCA GTA ACA GTC CGC CTA GA-3' for β-actin (β-actin served as an internal control). mRNA samples were amplified using primer sets specific for the target gene on a Lightcycler 480 II (Roche Diagnostics, Basel, Switzerland). Relative quantification was performed using the ∆∆Ct method using β-actin as the reference gene (24) .
Western blot analysis. SH-SY5Y or SH-SY5Y (Syn+) cells were washed with cold phosphate-buffered saline (PBS) and then lysed using NE-PER™ Nuclear and Cytoplasmic Extraction Reagents (cat. no. 78833; Thermo Fisher Scientific). Protein samples were supplemented with protease inhibitor cocktail (cat. no. 04693116001, Roche Diagnostics) and quantified using a bicinchoninic acid protein assay reagent (cat. no. 23234; Pierce Biotechnology, Inc., Rockford, IL, USA), and were separated using 10% gradient SDS-PAGE. The separated proteins were then transferred onto a polyvinylidene difluoride membrane, which was blocked in 5% skimmed milk. The membranes were then incubated with the primary antibody for 1 h at room temperature or overnight at 4˚C, followed by the secondary horseradish peroxidase-conjugated anti-rabbit antibody for 1 h at room temperature. The membranes were washed three times with PBS before each inoculation with the primary or secondary antibodies. Target proteins were visualized using an enhanced chemiluminescence detection system (RPN 2106; Amersham Pharmacia Biotech, Amersham, UK) and analyzed with ImageJ software (http://rsb.info.nih.gov/ij/). Rabbit polyclonal antibodies to α-Syn (cat. no. 2642S; 1:300; Cell Signaling Technology Inc., Danvers, MA, USA) Hsp70 (cat. no. 4872S; 1:200; Cell Signaling Technology Inc.) or β-actin (cat. no. A2066; 1:500; Sigma-Aldrich) and rabbit polyclonal antibodies to HSF-1 (cat. no. sc-9144; Santa Cruz Biotechnology, Dallas, TX, USA) were used to quantify the expression of the target proteins.
Statistical analysis. Statistical analysis was performed with GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA). Differences in the mRNA or protein expression of α-Syn, Hsp70 or HSF-1 between two groups were analyzed using Student's t-test. All values are expressed as mean ± standard error. P<0.05 was considered to indicate a statistically significant difference between values.
Results
Gln upregulates Hsp70 expression in SH-SY5Y neuroblastoma cells.
Previous studies have shown that Gln safely enhances HSP expression in in vitro and in vivo settings (25) (26) (27) (28) . Given the key regulatory role of Hsp70 in α-synuclein degradation, which is deregulated in PD, the present study investigated the possible regulation of Hsp70 expression by Gln in SH-SY5Y neuroblastoma cells. Hsp70 mRNA expression levels in SH-SY5Y cells post Gln treatment were determined using RT-qPCR. Fig. 1A shows that Gln treatment (4-16 mM) for 24 h significantly upregulated Hsp70 mRNA expression (P<0.05 for 4 mM, P<0.01 for 8 mM and P<0.01 for 16 mM). Of note, the Gln-mediated upregulation of Hsp70 expression was dose dependent, as there was a significant difference in Hsp70 mRNA levels between the 4 and 8 mM Gln groups, as well as between the 8 and 16 mM Gln groups. The time-dependence of the Hsp70 upregulation by Gln was also confirmed; Fig. 1B indicates that Hsp70 mRNA was upregulated at 12 h post-Gln treatment (4 mM) and peaked 24 h later, and there was a significant difference in Hsp70 mRNA levels between cells treated for 12 h and cells treated for 24 h (P<0.05). To reconfirm the upregulation, the Hsp70 protein levels in SH-SY5Y cells post-Gln treatment were also examined. Fig. 1C and D show that Gln treatment at 4-16 mM for 24 h or at 4 mM for 24-48 h also promoted the protein expression of Hsp70 in a dose-and time-dependent manner (P<0.05 or P<0.01).
Upregulation of Hsp70 by Gln in SH-SY5Y cells is HSF-1-dependent.
In previous studies, HSF has been confirmed to bind to a target sequence, the heat shock element (HSE), located in the promoters of heat-induced genes and promote the expression of HSPs, including Hsp70 (29-31) . In order to identify the signaling pathways of Gln-induced upregulation of Hsp70 expression in SH-SY5Y cells, the present study investigated the effect of HSF-1 knockdown on Gln-induced Hsp70 expression. RNA interference technology was adopted to knockdown HSF-1 expression, and the results shown in Fig. 2A demonstrated that HSF-1-specific siRNA, siRNA-HIF-1, significantly downregulated the HSF-1 mRNA expression (P<0.05 for 25 nM and P<0.01 for 50 nM) in SH-SY5Y cells following Gln treatment (8 mM for 24 h). HSF-1 protein levels were also downregulated following siRNA-HSF-1 transfection (P<0.05 or P<0.01, respectively; Fig. 2B and C) . Furthermore, the Hsp70 was also significantly downregulated at the protein (P<0.05; Fig. 2B and C) and mRNA (P<0.05 for 25 nM and P<0.01 for 50 nM; Fig. 2B and C) level, compared to that in the siRNA control-transfected cells. These results confirmed that the Gln-induced Hsp70 expression was HSF-1-dependent.
α-Syn overexpression in SH-SY5Y cells has no influence on
Hsp70 and HSF-1 expression. Functional defects of HSPs are thought to have a key role in PD (21, 22) . Hsp70 is the most investigated molecular chaperone and is known to negatively regulate α-Syn aggregation in PD and to mediate α-Syn-induced toxicity in cells (22, 23) . To explore the influence of Hsp70 on α-Syn degradation following Gln-induced Hsp70 upregulation, the present study constructed an SH-SY5Y cell clone which overexpressed wild-type α-Syn, termed SH-SY5Y (Syn+). The coding sequence of wild-type α-Synn was cloned into the eukaryotic expression vector, pcDNA3.1(+). The α-Syn-overexpressing SH-SY5Y cell clone was selected using 800 µg/ml G418 and maintained in complete medium containing 500 µg/ml G418. Significantly higher and stably expressed levels of α-Syn mRNA were detected in the SH-SY5Y (Syn+) cells following various passages (P<0.01; Fig. 3A ). α-Syn expression at the protein level was also significantly upregulated in the SH-SY5Y (Syn+) cells (P<0.01) (Fig. 3B and C) according to western blot analysis. Furthermore, α-Syn overexpression did not vary among various passages (Fig. 3A-D) . To further investigate the influence of α-Syn overexpression on Hsp70 and HSF-1, the mRNA expression of Hsp70 and HSF-1 was assessed by RT-qPCR and their protein levels by western blot analysis. Fig. 3A , B and D demonstrates that there was no difference in the mRNA and protein levels of Hsp70 and HSF-1 between SH-SY5Y cells transfected with the control CAT-pcDNA3.1(+) and SH-SY5Y (Syn+) cells, or among various passages of SH-SY5Y (Syn+) cells. Thus, the stably α-Syn-overexpressing SH-SY5Y cells are suitable to be used for investigating the influence of Hsp70 and HSF-1 on α-Syn degradation.
Upregulation of Hsp70 by Gln increases α-Syn degradation in SH-SY5Y (Syn+) cells.
First, the possible regulation of α-Syn expression in mRNA expression by Gln was investigated by RT-qPCR. Fig. 4A shows that 8 mM Gln had no effect on α-Syn mRNA levels in the SH-SY5Y (Syn+) cells at 6-12 h post-treatment. Furthermore, the protein levels of α-Syn in SH-SY5Y (Syn+) cells post-Gln treatment were investigated. Fig. 4B demonstrates that Gln treatment for 24 h reduced the protein levels of α-Syn (P<0.05 for 4 mM and P<0.01 for 8 and 16 mM). A dose-dependence of the α-Syn reduction was observed, as there was a significant difference between the 4-and 8 mM Gln groups (P<0.05) as well as between the 8-and 16 mM Gln groups (P<0.05) (Fig. 4B) . In addition, the present study investigated the effect of HSF-1 knockdown on the α-Syn reduction by Gln treatment. The results showed that 25 or 50 nM siRNA-HIF-1 inhibited the α-Syn reduction by Gln compared to that in cells transfected with the control siRNA (P<0.01 for either concentration) ( Fig. 4C and D) . These results indicated that Gln treatment promoted α-Syn degradation in SH-SY5Y (Syn+) cells, which was HSF-1-dependent.
Discussion
Accumulating evidence supports the key role of impaired α-Syn degradation pathways (18, 19) , followed by amyloid-like aggregation of α-Syn, in PD (32, 33) . The importance of molecular chaperones has been underlined by the fact that overexpression of these molecules, including HSPs, leads to re-folding of the aberrant α-Syn aggregates to generate non-toxic and non-aggregated α-Syn (20, 21) . Therefore, functional defects of HSPs may have key roles in PD (21, 22) , and promotion of HSP expression may be a potential strategy to prevent or ameliorate the aberrant α-Syn aggregation, and thus control the progression of PD. Hsp70 is the most recognized molecular chaperone and has been linked with PD and α-Syn aggregation. Substantial studies have confirmed the preventive role of Hsp70 in α-Syn aggregation in PD (22, 23) . Hsp70 is subject to transcriptional regulation upon various stresses and is regulated by a variety of molecules (34) (35) (36) . Stress-inducible protein 1, an Hsp70/Hsp90-organizing protein, was confirmed to independently regulate the expression of Hsp70 (34); Parathyroid hormone activates adenylate cyclase and phospholipase C and subsequently promotes Hsp70 expression (35) . Phorbol esters were also reported to deregulate the expression of Hsp70 and Hsp90 (36) . Therefore, investigation of the deregulation of Hsp70 and its influence on α-Syn degradation may shed light on the pathogenesis of PD. HSF-1 has also been reported to be activated in response to chemical or thermal stresses and to promote the expression of HSPs, including Hsp70 (37) (38) (39) . Following a cascade of post-translational modifications, including trimerization, nuclear translocation, DNA binding, and phosphorylation of its transactivation domain, activated HSF-1 binds to conserved regulatory sequences known as heat shock response elements and promotes HSP transcription (40, 41) . Gln has been shown to safely enhance HSP expression in in vitro and in vivo settings (25) (26) (27) (28) . Gln mediates cellular protection against heat-stress injury to the lung via promoting HSF-1 expression, increasing HSF-1 promoter binding and phosphorylation, and then activating an HSP response (25) . The protective effect of Gln was also confirmed in vivo, and was shown to proceed through the enhancement of HSF-1 phosphorylation/activation and promotion of HSP expression (26) , particularly the promotion of Hsp70 expression (27) . However, to the best of our knowledge, the protective effects of Gln against PD have not yet reported.
The present study reported the upregulation of Hsp70 expression by Gln in SH-SY5Y neuroblastoma cells. Gln treatment significantly upregulated Hsp70 expression at the mRNA and protein level in a dose-dependent and time-dependent manner. Given the key regulatory role of HSF-1 in Hsp70 expression, the effect of Gln on Hsp70 expression was re-evaluated following HSF-1 knockdown. It was shown that HSF-1-specific siRNA blocked HSF-1 expression at the mRNA and protein level, and this HSF-1 blockage blunted the upregulation of Hsp70 by Gln in the SH-SY5Y cells. The results therefore confirmed that the Gln-induced Hsp70 upregulation was HSF-1-dependent. Furthermore, the present study demonstrated that the Gln-induced Hsp70 upregulation facilitated the degradation of α-Syn, while it had no influence on α-Syn mRNA levels in SH-SY5Y (Syn+) cells, implying a novel strategy for preventing the progression of PD, which is thought to be caused by functional defects of HSPs, impairing the degradation of α-Syn (21, 22) .
In conclusion, the present study confirmed that Gln upregulated Hsp70 expression in SH-SY5Y neuroblastoma cells in an HSF-1-dependent manner. The upregulation of Hsp70 expression by glutamine increased the degradation of α-Syn in α-Syn-overexpressing SH-SY5Y cells. Therefore, Gln may be a potential therapeutic agent to prevent α-Syn aggregation in PD. The use of Gln for the treatment and prevention of PD requires further investigation; in particular, Gln-mediated upregulation of HSP70 expression and α-Syn degradation require validation in vivo.
